At the University of Glasgow, we have been developingthe swarm of autonomous microunmanned aerial vehicle (μ-UAVs), as a part of team projects of the final yearproject design course: Aerospace Systems Design Project 4for our BEng in Aerospace Systems program. For ourSingapore campus, where similar course is conducted, the platform chosen is the quadrotor. In this paper, we presentthe conceptual design, construction, flight test, swarm behaviour and lessons learnt.
INTRODUCTION
A Quad-rotor consists of four motors with a rotor attached toeach. When the rotor spins, it generates lift vertically. Lift increases when the rotor spins faster and vice versa. Hence Quad-rotor's climb and descent is dependent on the speed of the rotor. In order to hover, the sum of lift produced by the 4 rotors must be equivalent to the gravitational force.
Manoeuvring along the horizontal plane is achieved bytilting the Quad-rotor in the desired direction. The difference in the Lift between the rotors causes tilting. The horizontalcomponent of lift results in movement along horizontal plane.
If all rotors spin in clockwise direction, the Quad-rotor will spin undesirably in the opposite direction. To prevent this the alternate rotors spin in opposite direction. Therefore the effect of the torque generated by the two opposing pairs of spinning rotors is balanced when all rotors are rotating with equal speed. In Quad-rotor flight, the moment of the vehicle is determined by its velocity, angle of attack, and its airframe. It has to be considered because they affect the attitude control, and thrust variation of the rotorcraft.
QUADROTOR MODELLING

Frame of references
The Quad-rotor is modelled in a Flat Earth coordinate reference. Flat Earth reference neglects the centrifugal and Coriolis accelerations since the trajectory of vehicle is much slower than the orbital speed. This section discuss about the dynamics equations of motion of the Quadrotor and how it was transformed into the Flat Earth Frame of Reference.
Frame of reference denoted as (x, y, z) axes is simply anaxes system which is used to define quantities ormeasurements. The axes can be fixed to a body or earth. In this case, the body axes Relationship between the quad-rotor's frame of reference andthe earth's frame of reference can be expressed by a transformation matrix as shown below. Such matrix is obtained using the three Euler angles commonly used in an aircraft in a prescribed sequence of rotation of roll, pitch and yaw.
where s,c denote sine and cosine functions respectively.
Equations of motion
As forces are produced by the total thrust of the rotor innegative z direction and gravity is acting on the quad-rotor inpositive z direction, to transform forces from the body frame of reference to the earth frame of reference, the transformation matrix is used and therefore resulting in the following translational equations For rotational motion, J is the inertia matrix which is calculated by assuming rotors as individual point mass located at a distance away from the quad-rotor's central hub.The hub is considered as a dense sphere with radius and mass at the center as shown on Fig. 2 . Therefore,
Fig. 2 Quad rotor dimensions
The equations of rotational motion are
Dynamics of motor
Since thrust for the quad-rotor are produced by the rotors, itis important to consider the dynamic of the motor when modelling the quad-rotor. The DC-motor is able to convert electrical energy to mechanical energy. With a given voltage input, the rotational speed of a motor can be calculated as shown below.
By integrating
to obtain Ω, the thrust generated can be calculated using the following set of equations.
Therefore, Finally, with the calculated thrust and measured, following flight performance can be determined.
QUADROTOR CONSTRUCTION
Structure
The Quad-Rotor platform was bought by UGs and given tous to assemble. The package comes with pieces of the quadrotor. The main structural components of our quad-rotor are summarized on the following table. 
Central Hub
The central hub is made up of 2 carbon fibre sheets that are fastened together while leaving space for the motor arms to be secured to. The central hub also has an elevated platform for the placement of the ArduPilot Mega 2.5. The interior of the central hub holds all the wires such as the power module and the 4 to 1 conversion adapter. The Li-polymer battery is cable tied to the bottom of the central hub for better stability.
Motor Arm
The motor arms are made up of hollow carbon rod. These rods are securely fastened to the central hub using rubber spacers. This is to reduce the amount of vibrations caused byeach motors. The rods are positioned to be equally spaced from each other. The motors are all seated on a carbon fibre sheets which are fastened together using bolts and nuts.
Stand
The stand is also made up of hollow carbon fibre rod. The part that is connected to the central hub is sandwiched between 2 carbon fibre sheets to strengthen the joints. The bottom stands are to provide more surface contact to the ground. It alsoallows the vehicle to have a more stable take off by enforcing itto be at an upright position.
Electronic Components
The electronic components used for our platform are summarized on the followings table:
Electronic Speed Controller (ESC)
The Electronic Speed Controller (ESC) chosen, is specially designed for multi-rotor motor. Each ESC weights 32grams with the dimensions of 55mm by 26mm by 11.6mm (width by length by height).The brushless ESC provides variable power to the motor allowing proportional speed adjustments. This ESC also has a voltage cut-off function which lowers power when the voltage is low. 
Brushless Motor
The motors (Fig.4 ) used are out runner brushless. Outrunner motors have a lower speed however greater torquewhich allows us to direct drive a larger propeller without theuse of a gearbox. Each motor weighs around 55grams with the dimensions of 27.5mm by 28mm (length by height) and can generate lift up to 800grams depending on the propeller used.
Batteries
The battery used is a 3 cell Lithium Polymer. It has avoltage value of 11.1V and current rating of 3300mAH. The higher the rating the longer it can provide power to the other electronic components. Since we are using 4 motors werequire a strong battery however power has its price. Thestronger the battery the heavier and bigger it is. For our case itsets us back to 250 grams and dimensions 43mm by 130mmby 13mm (width by length by height). The battery could lastus a maximum of around 10 to 15 minutes of flight time. 
Plugs
The plugs are soldered to the output of the ESC to connect to the batteries which has a Dean plug female. It allows 40A current to pass through. This connector ensures secure connection while easy for plugging and unplugging. 
to 1 Conversion Adapters
The 4 to 1 conversion adapters (Fig.6 ) are, 4 Dean Plug female to 1 Dean Plug male. The input for the female plug is the male plug soldered on the ESC wire. The output for the male plug of the adapter is to the battery. Only 1 adapter is required to power up the 4 ESC using 1 battery source.
Power Module
A power module has a 6-pos connector that provides +5.3V voltage and 2.25A current. It is needed as we need a connector to power the ArduPilot Mega. The power module accepts a maximum input voltage of 18V (up to 4S Lipo battery) and maximum current of 90Amps. 
ArduPilot Mega 2.5
The ArduPilot Mega 2.5 is a complete open source autopilot system. The Ardupilot version that was used has a plug and play design, no assembly or programming is required. However there is a function to allow users to modify the programming codes using the Arduino software. The function of this devices is to turn any fixed, rotary wing or multirotor vehicle (even cars and boats) into a fully autonomous vehicle; capable of performing programmed GPS missions with waypoints. 
Receiver
The Receiver used is, 2.4GHz 8 channel. It comprises of a compact main receiver that is linked to an even smaller satellite receiver by a 6" lead, the AR 8000 acts as a pair of extremely sharp RF "eyes" that each take in a slightly different view of the signal environment. Information fromboth receivers is then processed by patent pending Spektrum software that takes information from each receiver and combines it to form the most vivid "picture" of an RF signal. Using 2.4GHz means that our receiver will not be interfered with other frequency unlike using crystals which could be interfered with when there are other flyers using the same frequency. After binding the receiver to the transmitter, it is forever bind to the particular transmitter which is why it will not interfere with others.
SIMULATION MODELS
Using the equations of motion derived earlier and the dimensions of the Quad-rotor constructed in previous section, a mathematical model is created and implemented on MATLAB Simulink. As Shown in Fig 17, the inputs for the quad-rotor simulation are the desired X-axis, Y-axis and Z-axis positions. The outputs are the linear and angular acceleration which will be integrated twice to obtain the respective positions andangles. Before designing and testing the controller, the model created was tested to ensure that its response are similar to the Quadrotor dynamics.
Control Design
The controller must ensure that the plant's (Quad-rotor Model) output follows the reference input closely. A closed loop control structure is used in this project because it attenuated disturbances significantly and also compensate for any changes in the plant. Uneven weight distribution of Quadrotor can also be compensated by closed loop feedback. The closed loop controller has to maintain output close to the input. Inherently closed loop control performs an inverse of the plant dynamics. Since the dynamics of the Quad-rotor is known, the controller gains can be tuned and an approximate plant inversion can be achieved .The resultant control signal 'U' is fed into the model to produce the desired output.
Controller Approach
Controller is constructed with PD loops .These PD loopsinside the attitude, altitude and positional control generate the respective control signal.
The quad-rotor will use the Proportional Derivative controlsystem (PD) to determine its response and settling time. The PD controller is a closed loop feedback system which will use the output control signal and feedback it to the initial input signal. The difference of both signals will be calculated and adjustment will be made.
In this case, the actual position and orientation of the quadrotor (output signal) will be feedback and being compared to the desired position and orientation (input signal) which will allow the system to adjust the process control input accordingly.
Control error is expressed as e(t ) = r(t )− y(t)
where e(t) is the error signal. r(t) is the input signal and y(t) is the output signal.
Proportional Control
The proportional term depends only on the control error. Itcan control any stable plant. Increasing the proportional gain will decrease the response time of the control system. However, if the proportional gain is too high, oscillation will occur and system will become unstable. The proportional term is given by:
where u(t) is input signal to the plant. K p is the proportional gain and e(t) is the error signal.
Derivative Control
The derivative term gives a decreasing output if the process variable is increasing. It acts on the rate of change of the error. Increasing the derivative term will cause the system to react strongly to the changes in the error and therefore increase the speed of the system response.The derivative term is given by:
where K d is the derivative gain.
PD Tuning
In order to determine value of K p and K d , it is required to tune the controller until it reaches the desired response. The tuning of the proportional and Derivative values is achieved using Ziegler-Nichols Method and in most cases through manual tuning and trial and error. There is also a Simulink function to automatically tune the values, but further tuning is still requiredto obtain satisfactory response. This inner loop is responsible for the control of Roll, Pitch and yaw. In this project, Quad-rotor is assumed to be symmetric about xy axes i.e. the pitch and roll controls are almost similar. Pitching down moves the Quad-rotor forward along X-axis while Rolling moves it side wards. ROLL: The Control signal U2 is generated from the rollerror fed through a PD control. This signal holds the roll attitude of the Quad-rotor. PITCH: U3 is generated from the pitch error fed through aPD control. This signal holds the pitch attitude of the Quadrotor. As mentioned earlier the P&D values of roll and pitch are almost similar. YAW: U4 is generated from the yaw error through a PDcontrol. This signal holds the yaw attitude of the Quad-rotor. The measured are the actual feedback values from theoutput of the model.
Control Architecture
Attitude Control:
Autopilot:
Altitude Control This outer loop control generates the desired thrust T d required to lift the Quad-rotor to the desired altitude. It ismanipulated from the altitude error fed through a PD controller. T d is then passed to the attitude controller for the lift vector compensation due to roll and pitch. Hence the control signal U1 will hold the desired altitude of the Quad-rotor evenduring roll and pitch. The following block shows the control loop and the respective signals inside the altitude controller.The feedback provides the measured altitude of the Quad-rotor. Position control: This outer loop generates the desired roll and pitch anglerequired to move the Quad-rotor to the desired X and Y positions. Feedback data from the model provides the measured X and Y. The position error signal after summing junction is fed through a PD control and it generates the desired roll and pitch angle. As mentioned earlier, its output is then fed to the attitude control to generate the control signals U2 and U3. 
Rotor Voltage Control:
The 4 control inputs generated by the inner and outer loops cannot be fed directly to the Quad-rotor Model because its inputs are in terms of Thrust for the 4 individual rotors. The control signals 'U' are combined to produce voltage signal for each rotor. These combinations are based on the dynamics of the Quad-rotor to exhibit the respective Flight parameter. The combinations was mentioned earlier under the Motor dynamics and also shown below in the block diagram. The output voltage 'V' is then converted to thrust by the modelled motor. 
SIMULATIONS AND FLIGHT TEST RESULTS
The Flight test data from the Lab was captured using the Opti-track cameras and was imported into MATLAB for comparison with the simulated results. Technical difficulties and observations from comparison are also discussed.
Simulink Test Results:
Attitude control: A pulse signal was fed as the desired Roll, pitch and yaw inputs to the designed controller for testing. The plots on the left segment in Fig 17 shows the input to the controller while the right segment shows the respective response from the model simulated. The response plots clearly depict the attitude control is working as desired. The constructed Quad-rotor was put to flight with the Ardupilot microcontroller. The quad-rotor's movement, the positions of the quad-rotor (X, Y and Z-axis) was captured by the Opti-Track system during flight tests. The following pictures were taken during one of the actual tests. They show the pitch, roll and take off of the quad-rotor respectively during the test flight.
Technical challenges
The Quad-rotor was unstable during most of its flights.Initially the uneven weight distribution was thought to be the reason for instability. Adding counterweights, to spread the weight distribution equally, failed to solve the issue. Even trimmed flight could not completely cease the undesired yawing and rolling motion. After repeated test flights it was discovered that the motors used did not produce similar thrust though their specifications are similar. All 4 rotors were tested using a thrust meter attached to thesame ESC. The readings were taken for different throttle settings in the radio controller. The following table and the graph clearly depicts that the motors were not generating similar thrust for the same radio input. There were differences of about 100g of thrust for certain throttle settings. 
Simulation vs Test Flight
Besides unstable flight, certain segments of the flight test wascaptured well by the Opti-Track system. It was then imported into MATLAB. In Fig 22 below the plots on the right segment was captured from 3 different test flights while the plots on left segment was obtained from the Simulation performing similar outcomes of the captured data. No autopilots were used. Hence the response was fast. However, the simulation used the position controller which took longer time to compute the desired roll and pitch angles.Also the mathematical model of the system 100% similar as theactual quad-rotor and did not account for any external disturbances. These are the factors that caused the difference.
SWARM BEHAVIOR
Quad rotors can work in teams with the help of swarmalgorithms. These algorithms are nothing but a set of rules that exhibit the three main characteristics of a swarm behaviour such as Cohesion, Separation and Alignment. The following Fig 23 provides more information about each characteristic. 
Leader Follower Method
As the name describes, the leader leads a team of quadrotors. It acts as the reference point for the swarm. The actualpositional information of the leader is fed into the swarm a gorithm to generate the position command for the followers. Swarm algorithm makes sure that the followers are separatedby a certain distance from the Leader while following. The Command input for each follower is computed depending on the position occupied by that follower in the Formation. 
Swarm Simulation
The position control forms the basis for swarm implementation as the output of the swarm control is in terms of positions. The capability of the position control was displayed earlier (waypoint navigation for a single quad rotor). In the following simulation, the leader is provided with the waypoints to take off and move forward. The plots in Fig 25 shows a leader and 2 followers executing the following sequence of actions.
1. Quad-rotors Take-off from their initial position. 2. The followers identify the leader and move closer to it. 3. The 2 Followers travel behind the leader as it moves forward, maintaining the safety distance predefined as separation vector in the algorithm. 
CONCLUSION
This paper presented a Quad-rotor model constructed in our UGS lab and a model simulated in MATLAB. Though the simulation managed to achieve a stable and autonomous flight, the actual Quad-rotor exhibit moderate unstable controlled flight due to technical challenges mentioned earlier. Several remedial measures such as introducing the offsets to the motor to linearize the motor output failed to solve the issues.
Working with Motion capture system was completely newand knowledgeable. The ability to collect variety of flight performance data from the system without the need of additional sensors aboard the platform is greatly appreciated. From the results of both simulation and actual flight test, the students learned the limitations of simulation .This learning will improvise the way we design and make our future designs more accurate and realistic.
